Purpose -The impact of information technology (IT) on mass customization (MC) capability has been implied in the literature but seldom subjected to empirical examination. This study seeks to theoretically relate four types of IT applications with MC capability and empirically examines these relationships. Design/methodology/approach -This study identifies four types of IT that potentially support MC capability, including product configurator IT, new product development IT, manufacturing IT, and supplier collaboration IT. Drawing on organizational information processing theory, this study associates the four IT types with a manufacturer's MC capability. A structural equation model is tested using survey data collected from a sample of manufacturing plants that focus on product customization. Findings -The empirical results indicate that two of the four IT types strongly support a manufacturer's MC capability. Research limitations/implications -No strong relationship between configurator IT and MC was observed, which calls for further investigation. Data used are cross-sectional in nature. A set of refined IT measures should be developed in future studies. In addition, future studies could control for the effects of more variables that may impact IT use by mass customizers. Practical implications -The paper identifies managerial opportunities for investing in IT to support or enhance MC capability. Originality/value -This study provides a theoretical foundation for the IT-MC relationship and develops a classification framework of IT applications in manufacturing plants. The study is one of the first efforts that empirically examines the impact of multiple types of IT applications on MC. Introduction The mass customization (MC) production approach has found increasing interest in the operations management (OM) literature. As a production paradigm, MC has grown in use due to the emergence of customers who are no longer satisfied with the standard products provided by manufacturing firms through mass production. MC allows firms to satisfy these customers by manufacturing a relatively high volume of different product options for a market that demands customization without substantial tradeoffs in cost, quality, or delivery (Lau, 1995; Salvador et al., 2002b; McCarthy, 2004) . MC is a multifaceted concept, which involves a number of processes, activities, and capabilities. For instance, Tu et al. (2001) identify cost effectiveness, volume effectiveness, and responsiveness as the three basic capabilities of MC. An MC production system combines the advantages of both mass production and product customization, benefiting from the cost-saving efficiency of the former and the flexibility associated with the latter (Westbrook and Williamson, 1993; Duray, 2002) . When thoughtfully implemented, MC capability may provide distinctive competencies along all four of the basic competitive priorities that are central to operations-based competitive advantages: cost, quality, flexibility, and delivery (Kumar, 2004) .
Introduction
The mass customization (MC) production approach has found increasing interest in the operations management (OM) literature. As a production paradigm, MC has grown in use due to the emergence of customers who are no longer satisfied with the standard products provided by manufacturing firms through mass production. MC allows firms to satisfy these customers by manufacturing a relatively high volume of different product options for a market that demands customization without substantial tradeoffs in cost, quality, or delivery (Lau, 1995; Salvador et al., 2002b; McCarthy, 2004) . MC is a multifaceted concept, which involves a number of processes, activities, and capabilities. For instance, Tu et al. (2001) identify cost effectiveness, volume effectiveness, and responsiveness as the three basic capabilities of MC. An MC production system combines the advantages of both mass production and product customization, benefiting from the cost-saving efficiency of the former and the flexibility associated with the latter (Westbrook and Williamson, 1993; Duray, 2002) . When thoughtfully implemented, MC capability may provide distinctive competencies along all four of the basic competitive priorities that are central to operations-based competitive advantages: cost, quality, flexibility, and delivery (Kumar, 2004) .
One suggested way for firms to realize the promising advantages from MC is to deploy appropriate information technology (IT) that supports relevant MC functionalities (Allen and Boynton, 1991; Pine, 1993; Da Silveira et al., 2001; Yassine et al., 2004) . Prior literature highlights the role that IT plays in improving intra-and inter-firm coordination (Argyres, 1999) , increasing manufacturing precision and responsiveness (Banker et al., 2006) , and speeding up new product development (NPD) processes (Bardhan et al., 2007) . However, the literature lacks a comprehensive empirical examination of the impact of IT on MC. A review of the literature at the operations-information system interface indicates that existing studies have only examined a limited range of IT applications in NPD (Malhotra et al., 2001; Bardhan et al., 2007) , enterprise resource planning (Masini and Van Wassenhove, 2009 ), or supply chain collaboration (Hill and Scudder, 2002; Saeed et al., 2005) . The literature still lacks a comprehensive examination of various IT applications on a firm's MC capability.
Building upon the existing literature, this paper develops a conceptual framework that relates several types of IT to MC capability. Our research hypotheses draw upon organizational information processing theory. MC manufacturers often adopt design-to-order and/or build-to-order processes. To ensure that custom products are made in the right quantity to customer specifications, MC manufacturers need to process large amounts of information related to order specifications, material and part supply, assembly, and order delivery, which creates an information rich environment. Because IT can be used to process a large amount of information efficiently, IT applications should be particularly useful when deployed in an information rich MC environment. The hypothesized relationships are tested using data collected from a sample of manufacturing plants that produce a large proportion of customized products. The current study contributes to the existing literature by theoretically and empirically linking several IT applications with MC capability. In doing so, we identify for managers the ways in which the four types of IT are associated with MC capability and performance.
The following section reviews relevant literature, develops a conceptual research model, and presents the research hypotheses. Next, data and methods used for Mass customization capability the analysis are described. The paper then presents the empirical results. The last section discusses contributions and limitations of the study.
Theoretical foundation
IT as an enabler of MC IT is "the capabilities offered by computers, software, and telecommunications" (Davenport and Short, 1990) . Since the 1970s, manufacturing firms have increasingly adopted IT-based production management and resource planning systems. The role of IT has expanded from its early use as a means to automate manufacturing processes to its current status as an enabler of product design, dynamic product configuration, and inter-firm integration.
Although the relationship between IT and MC has been discussed in the literature, a theoretical foundation for this relationship is missing. In the current study, we use organizational information processing theory to develop conceptual links between IT and MC. Organizational information processing theory suggests a positive relationship between task uncertainty and the amount of information that must be processed by decision makers during task execution (Galbraith, 1974; Kitchen and Spickett-Jones, 2003) . Greater uncertainty indicates that more information is required and processed during task performance. Consequently, uncertainty heightens an organization's information processing needs. Therefore, the organization must enhance its information processing capabilities to cope with the increased information processing needs so as to keep its operations effective and efficient (Premkumar et al., 2005) .
Task complexities are enhanced in an MC environment. The MC tasks involve customizing products to specific customer needs in a quick and cost-effective manner. Because MC involves manufacturing tasks that vary across different customer orders, MC manufacturers must process more information to execute these tasks precisely and timely. MC also increases the inter-dependency among multiple functional units. Within the firm, MC requires marketing and operations to coordinate closely in order to respond better to the increasingly differentiated customer needs (Liu et al., 2010) . Wind and Rangaswamy (2001) state that understanding customer needs is critical to MC and thus MC offers opportunity for better channel management and closer manufacturing-marketing relationships. Between firms, these differentiated needs must be quickly sensed at customer touch points and transferred to supply chain partners. Thus, in an MC environment, differentiated customer needs, high product variety and increased inter-dependency across the supply chain increase the task uncertainty and the amount of information that must be processed. In such an environment, a firm must improve its information processing capabilities in order to deal with the enhanced information processing needs.
IT can be used to process large amounts of information effectively and therefore should be conducive to MC. Modern IT has the potential to enhance information processing and coordination both within the firm and across firm boundaries (Gattiker and Goodhue, 2004) . IT makes information processing less costly, rendering the governance of MC-related activities more efficient (Argyres, 1999) . The general need for IT support in manufacturing operations has been highlighted in the literature (Boynton and Victor, 1991; Boynton et al., 1993; Yassine et al., 2004; Warschat et al., 2006) . For example, Banker et al. (2006) observe that IT significantly impacts manufacturing practices and operational performance. MC is an instance of manufacturing operations IJOPM 31,10 characterized by high uncertainty and information richness in task execution. IT enhances a firm's information processing capabilities thus accommodating the increased information processing needs of an MC system. Therefore, IT should play an even more important enabling role in an MC environment than in an traditional mass production environment.
At various levels of an organization, IT can be used to automate and integrate processes, and to help MC teams collaborate and improve the response time to customer requests (Da Silveira et al., 2001; Yassine et al., 2004) . A streamlined information-handling process enabled by IT systems is critical for coping with the complexity of MC (Comstock et al., 2004) . Conversely, a lack of IT support has been cited as one of the top inhibiting factors to future MC (Å hlström and Westbrook, 1999) .
Next, we review relevant literature on IT and MC to develop six research hypotheses on their relationship. Researchers have adopted numerous perspectives to classify IT applications in manufacturing systems. Boyer et al. (1996) classify IT used within manufacturing plants into three broad application areas: design technologies, manufacturing technologies, and administrative technologies. Yassine et al. (2004) identify four IT types based on their functionality: communication tools, visualization tools, calculation tools, and collaboration tools. Banker et al. (2006) categorize IT based on the direction of information flow, where information can flow outside-in, inside-out, and spanning the firm. Accordingly, they identify three IT categories: electronic data interchange (outside-in), plant OM systems (inside-out), and resource planning systems (spanning).
Because there is no single universally accepted IT typology in the literature, this study classifies IT based on multiple existing typologies. Our IT classification builds upon prior classifications of advanced manufacturing technologies, and incorporates recent developments in IT related to internet-enabled supply chain collaboration. This study identifies three broad IT categories based on where IT applications are deployed along the supply chain: customer-facing IT, manufacturing plant IT, and supplier-facing IT (Table I) . Within the three broad IT categories, we further identify four IT types. Product configurator IT consists of IT tools customers and salespeople use to configure products according to their requirements. The manufacturing function also can take advantage of configurator IT because a bill of materials can be dynamically generated based upon the product configurations specified by customers. NPD IT refers to IT applications used by design engineers and project managers to accomplish development tasks. Manufacturing IT refers to IT applications manufacturers use to control their production systems. Manufacturing IT typically includes applications for shop floor control, production scheduling, capacity planning, inventory management, and demand planning. Supplier collaboration IT has been adopted by manufacturers to integrate a manufacturer with its suppliers. Increasingly, supplier collaboration IT is deployed as internet-based applications that automate inter-firm transactions and allow supply chain partners to design products and plan supply chain activities jointly.
Product configurator IT is an instance of customer-facing IT. NPD IT and manufacturing IT are deployed within manufacturing firms. Supplier collaboration IT belongs to the supplier-facing IT category (Table I) . Collectively these various types of IT support operations throughout multiple supply chain stages, including product design, upstream suppliers, manufacturing, and downstream customers. The four types of IT may impact MC capability in different ways. Next, we review the literature Mass customization capability specifically related to the four IT types and develop hypotheses relating them to MC capability ( Figure 1 ). The conceptual framework builds on existing literature that suggests IT as an enabler of MC (Allen and Boynton, 1991; Pine, 1993) . Drawing on organization information processing theory, we argue that IT used for NPD, manufacturing process automation, and supplier integration and collaboration enhances a manufacturer's ability to design and make custom products that may vary considerably in specifications and sizes. Product configuration IT can also facilitate MC by enabling customers and sales representatives to co-configure suitable products that meet customer needs. IT Another enabler of MC, modular product design, benefits from NPD IT on the one hand, and facilitates IT-enabled product configuration on the other.
Research hypotheses
Product configurator IT. Companies adopting MC must respond dynamically to customer demands, and satisfy them as they are identified (Potter et al., 2004) . Thus, the effectiveness and efficiency of the information transferred from customers to the manufacturer will affect the success of an MC strategy (Da Silveira et al., 2001; Stegmann et al., 2006) . Table II provides brief definitions for the constructs in our research model. Product configurator IT enables customers to identify suitable product characteristics that satisfy their needs, and allows them to participate in activities related to the co-design of a product (Piller, 2004) . The importance of product configurator IT to MC is evident from the literature. MC capability should be centrally controlled from a product configurator (Victor and Boynton, 1998) . MC may only be possible if customers are provided with appropriate product configurator systems (Piller, 2004) . Product configurator IT supports the objectives of MC operations, especially through web-based product configuration tools that enable the virtual assembly of desired products (Stegmann et al., 2006) . Therefore, we state the following hypothesis:
H1. Product configurator IT is positively associated with MC capability.
Modular product design. Modular product design is an important approach to MC, and it plays a key role in product configurator IT's and NPD IT's relationships with MC capability (Table II) . Modular product design de-constructs a product and its underlying
Construct Definition
Product configurator IT Product configurator IT refers broadly to tools made available to customers and salespeople to let them participate in activities related to the co-design of a product, and to guide customers through the process of designing a product (Piller, 2004 ) Modular product design Modular product design refers to development of a product (or process) from smaller subsystems that can be designed independently. Modular product design allows firms to de-construct a product and its underlying production processes based on a formal product architecture, which subsequently allows one to reconfigure those underlying components into new products and associated processes (Schilling, 2000) NPD IT
IT for new product design and development includes tools for CAD and CAE, rapid prototyping, component and supplier management (CSM), and design for manufacturability (DFM/A) Manufacturing IT Systems that control plants' production system, such as shop floor control, scheduling, capacity planning, inventory management, and demand planning Supplier collaboration IT Internet-based coordination and transaction processing with suppliers, such as collaboration in product/process development and improvement, identifying potential suppliers, pricing, order processing, and order tracking MC capability
The ability to manufacture a relatively high volume of different product options for a relatively large market that demands customization, without substantial tradeoffs in cost, delivery, and quality (McCarthy, 2004) production processes based on a formal product architecture, which subsequently allows designers to reconfigure those underlying components into new products and associated processes (Schilling, 2000) . Modular product design relies upon modular components that can be configured into a wide range of end products (Ulrich, 1995; Qiao et al., 2006) . Designing modularity into technological systems, products, or processes allows firms to realize economies of substitution (Garud and Kumaraswamy, 1995) . Modular product design also supports a manufacturing strategy that copes with rapidly changing customer requirements and increasing technical complexity (Baldwin and Clark, 1997) .
A modular product architecture offers great product variety through reconfiguration, efficient product creation, fast speed to market through standardization, and low costs for design, production, distribution, and service, which are all key components supporting MC capability (Sanchez, 1999) . Consequently, modular product design has been widely acclaimed as an important enabler of MC (Garud and Kumaraswamy, 1995; Lau, 1995; Feitzinger and Lee, 1997; Gooley, 1998; Bourke et al., 1999; Da Silveira et al., 2001; Swaminathan, 2001; Zipkin, 2001; Salvador et al., 2002a, b; Mikkola and Skjøtt-Larsen, 2004) , and "one of the best methods for achieving mass customization" (Pine, 1993, p. 196) . Based on the above discussion, we propose that modular product design will exhibit a positive association with MC capability:
H2. Modular product design is positively associated with MC capability.
NPD IT. NPD IT includes software tools for computer-aided design and engineering (CAD/CAE), project management, and product data management, among others (Table II) .
In an MC environment, customer demand for high product variety leads to a substantial growth of the product design space, and in turn an increased amount of work for product designers to explore the full breadth of design variables. NPD IT provides information processing capabilities that speed up this process and enable modular product design. NPD IT can help firms elicit customer needs more accurately (Berman, 2002; Nambisan, 2003) . For example, product designers can use NPD to present realistic visual renderings and physical prototypes of a product design to customers, thus helping them to evaluate the product. NPD IT facilitates fast, accurate product design processes by allowing a designer to manage product data in a computer file format, rather than as physical drawings and prototypes (Bourke et al., 1999) . NPD IT also enables rapid testing and quality assurance, even before a product is built (Scott, 2000) . Finally, NPD IT helps designers to decompose a product design into modular subassemblies and develop standardized interfaces among these modular subassemblies (Bourke et al., 1999) , thus supporting MC by facilitating the quick configuration and reconfiguration of product modules as new products (Warschat et al., 2006) . The above discussion leads to the following hypothesis:
H3. NPD IT is positively associated with modular product design.
Customers today expect manufacturers to offer products configurable to their needs. Many customers prefer to specify product configurations via software tools available through the internet. Modular product design breaks down a product into modular subassemblies, thus creating flexibility for product design engineers, sales staff, and customers to assemble and customize product solutions more easily (Schilling, 2000) . As such, modular product design provides a favorable condition for customers to co-design and co-configure their desired products using product configurator IT.
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Manufacturers of non-modularized products may still use configurator IT tools to allow customers to define product specifications. For example, a product configurator based on the so-called generic bills of materials can be developed to deal with the increase in the number of product variants (Hegge and Wortmann, 1991; Bertrand et al., 2000) . Nonetheless, modular product design provides customers with greater flexibility to get involved in product co-design. Piller (2004) argues that modular product design provides the only means through which product configurator IT can be deployed to enable customer involvement in product configuration and customization.
A growing number of firms are offering internet-based product configurators to facilitate product customization. The industries of these firms span consumer electronics, apparel, and industrial equipment, among others. The complexity of product configuration tasks can be reduced substantially by having modular subassemblies and components, thus making product configuration tools a possibility. Modular product design facilitates product configuration processes at the sales stage because it simplifies the mapping from customer requirements to a technical specification and helps the delivery process as it enhances the control of production and reduces the work-in-process inventory (Tiihonen et al., 1996) . Thus, we expect modular product design to be associated positively with product configurator IT:
H4. Modular product design is positively associated with product configurator IT.
Manufacturing IT. With the growing use of modular assemblies, MC manufacturers are able to produce a high variety of final product configurations. These different product configurations must be made in the right quantity and at the right time in order to match supply with demand while keeping costs low. To cope with these challenges, MC manufacturers need to process a larger amount of information related to logistics, manufacturing, and marketing tasks. Consequently, a highly flexible manufacturing system is also critical for MC manufacturers. IT-enabled manufacturing technologies (Table II) fundamentally alter economies of manufacturing by removing tradeoffs between quality, cost, flexibility, and delivery (Kotha, 1995) . Manufacturing IT applications deployed on the shop floor enhance manufacturing precision and process flexibility, thus supporting the development of MC capability (Hart, 1995; Victor and Boynton, 1998) . IT applications that allow integrated access to production-related data enable fast and efficient manufacturing operations (Bharadwaj et al., 2007) . Manufacturing IT also facilitates manufacturing and supply chain process integration, leading to improved operational capabilities supporting MC (Rai et al., 2006) . Thus, IT supporting manufacturing activities should have a positive impact on MC capability:
H5. Manufacturing IT is positively associated with MC capability.
Supplier collaboration IT. To match supply with demand for a large variety of product configurations, the MC manufacturer must obtain precise information about the quantity and location of raw materials, subassemblies and finished products, as well as available production capacity and other resources located throughout the supply chain. Such information transparency is made possible through supply chain collaboration: supply chain partners sharing information and making joint decisions (Lee, 2000) . Supply chain collaboration is particularly important for firms adopting a strategy that tailors products to specific customer preferences (Victor and Boynton, 1998) . IT-enabled supplier collaboration (Table II) allows manufacturers to track inventories, production schedules, Mass customization capability capacities, and availability of other production resources (Lee, 2000) , and to achieve greater manufacturing flexibility and a comparative cost advantage (Wang et al., 2006) . Thus, firms focused on MC need to deploy supplier collaboration IT that allows them to create a dynamic production network that improves sourcing and resource allocation. In summary, supplier collaboration IT facilitates information flows between supply chain partners involved in MC, allowing them to coordinate and execute necessary production and design activities (Potter et al., 2004) . Therefore, we expect that IT oriented toward supplier collaboration will lead to improved MC capability:
H6. Supplier collaboration IT is positively associated with MC capability.
Data and measures

Data source
The data used to test the hypotheses were drawn from the high performance manufacturing (HPM) project database (Schroeder and Flynn, 2001; Peng et al., 2008; Heim and Peng, 2010) . HPM was a large-scale survey of manufacturing plants and involved collaborative efforts of researchers from multiple institutions in nine countries.
To date, a number of studies using the HPM data have been published. However, only a few studies (Liu et al., 2006; Huang et al., 2008; Heim and Peng, 2010) use portions of the survey related to IT or MC to examine research questions completely different from the current study. Among the studies utilizing the HPM data, the current study is the only one that examines the effects of various classes of IT applications on MC capability. A multi-university team of researchers gathered cross-sectional data on manufacturing strategy, practices, technology, and performance from an international study sample of manufacturing plants. Data were collected between 2005 and 2007 using mailed surveys. The target population is manufacturing plants in the most industrialized countries. Further, because fast response and intense customer interaction are of greater importance to MC than to mass production, many of the operations remaining in the developed countries tend to be custom product manufacturing. While developing countries such as China have grown into major manufacturing bases, the focus of this research project is to study what plants in the most industrialized countries are doing, not the emerging countries. The plants in our study sample are located in nine countries: Austria, Finland, Sweden, Germany, Italy, Spain, Japan, Korea, and the USA. These countries represent a significant portion of the industrialized world. We drew sample plants from three industries as defined by four-digit SIC codes: electronics, machinery, and transportation components. These industries are among the most widely studied industries in relevant OM research. MC has been widely adopted by firms in these industries (Duray et al., 2000) . We also acknowledge that there are other industries, such as furniture and apparel, where MC has been widely implemented, but we are not able to include these industries in our sample. Sample distribution and plant demographics are presented in Tables III and IV, respectively. To ensure a sample of independent plants, the survey included only one plant per business unit or parent-corporation. The survey was administered by postal mail. The questionnaires were first developed in English. The questions were translated into the native language of each country and then translated back to English by a different person to check for accuracy. This process helps control for country-level response bias due to inaccurate translation of the survey questions. The questionnaire scales were developed based on the literature and have undergone pilot testing and revision (Flynn et al., 1994) .
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The sample plants were randomly drawn from a master list of manufacturing plants in each participating country, with approximately ten plants in each of the three industries for a total of approximately 30 plants per country. The unit of analysis is the manufacturing plant, where operations practices and technologies, including those oriented toward MC operations, take place (Schroeder et al., 2002) . Because of the scale of the HPM survey, the research team divided the survey into 13 questionnaires directed to 21 informants at each participating plant (ten managers, six supervisors, and five direct labor employees). The informants were chosen based on the relevance of their job to the designated survey questionnaires. For the portion of the survey used in this study, an information systems manager responded to the IT questions. A process engineer, a product development team member, and an inventory manager evaluated the modular product design items. A plant superintendent, a process engineer, and a product development team member responded to the MC capability items.
The research team contacted the plant manager of a randomly selected list of manufacturing plants to solicit the plant's participation. Upon agreement to participate, the plant manager appointed a survey coordinator to work with the research team. The research team then mailed the survey instruments and instructions for administering the survey to the survey coordinator. The survey coordinator distributed the questionnaires to named managers and randomly selected shop floor workers and supervisors. Once the survey was completed by all the respondents, the survey coordinator collected and mailed the questionnaires back to the research team. The objective of this study is to examine the impact of IT on MC capability rather than manufacturing capabilities in general. Thus, we choose to focus on plants with a relatively high MC content. We expect that IT exhibits a greater impact on MC for plants with a higher MC content. Because the sample includes manufacturers employing MC to a different extent, we scrutinized the data to identify plants that are more focused on MC. Following Huang et al. (2010) , we selected plants that reported having at least a total of 50 percent MC, in four stages of processes: ad hoc design activities, customized fabrication, customized assembly, and customized delivery (Duray et al., 2000; Duray, 2002) . We used a 50 percent cutoff to select plants that have a majority of their operations in MC. This selection process yielded a final sample of 164 high MC plants suitable for the purposes of our study.
The high MC plant subset exhibited variables that either have complete (100 percent) responses or a very high response rate (greater than 90 percent). Because of a small percentage of missing responses in the dataset, we performed Little's MCAR test using the SPSS 16 missing value analysis procedure to check if the variables are missing completely at random (MCAR). The resulting p-value is insignificant at the 0.05 level, indicating the variables are MCAR. In addition, less than 5 percent of the data were missing from any scale. Thus, mean replacement was used for missing responses (Hair et al., 1998) .
Measures
The Appendix presents the list of measurement items used in our empirical analysis. Table V presents a correlation matrix and descriptive statistics for each construct variable. The items used to measure the constructs in this study were selected based on a review of relevant literature pertaining to IT and MC. To assure content validity, we included items that have been used in prior studies wherever possible.
A key informant approach was used to gather data. Depending on the content of each questionnaire item, one or more key informants responded to the survey questions. For the items with multiple informants (i.e. MC capability, modular product design), the inter-rater agreement was assessed using the ratio method (James et al., 1984) . The resulting inter-rater agreement coefficients are all above the suggested Variables representing the four IT types (product configurator IT, NPD IT, manufacturing IT, and supplier collaboration IT) were created from a set of items measuring specific IT applications used within each plant. Informants were asked to respond in the affirmative if a plant had deployed certain IT applications. Thus, each individual IT variable shown in the Appendix is a binary variable, where "0" indicates that a particular IT functionality has not been implemented and "1" indicates the same IT functionality has been implemented. This approach to measuring IT usage has been adopted by researchers in the OM (Bardhan et al., 2007) and IS literature (Banker et al., 2006) . The rationale for the binary measures is that IS managers may have a better idea on whether a certain application is deployed or not but it might be difficult for them to estimate the exact extent to which a certain IT application is used. The measurement items draw on the existing literature (Boyer et al., 1996; Rangaswamy and Lilien, 1997; Subramani, 2004; Banker et al., 2006) . Modular product design and MC capability are each measured by multiple items anchored on a seven-point scale. The modular product design items were adapted from Forza et al. (2000) . The MC capability items were adapted from Tu et al. (2001) .
Analysis and results
Common method bias
The research design and data collection approach of our study allow us to mitigate common method bias (CMB) often observed in social science research (Podsakoff and Organ, 1986; Podsakoff et al., 2003) . In our study, the independent and dependent variables are based on different scale anchors. Also, a different set of informants completed the respective parts of the survey. Further, we employed Harman's one-factor test (Podsakoff and Organ, 1986) and the Marker variable test (Lindell and Whitney, 2001 ) to rule out potential CMB. To perform Harman's test, all of the measurement scales were entered into a single exploratory factor analysis to determine if a single factor would account for the majority of the covariance among the various measures. The results indicate that no single dominant factor emerged. In fact, the EFA yielded six factors that have an eigenvalue greater than 1, and the largest factor explains only 21 percent of the total variance. The Marker variable test adjusts the statistically significant correlations among the manifest variables by partialling out a correlation that is assumed to be caused by CMB. The second smallest correlation among the manifest variables is considered a reasonable proxy for CMB (Lindell and Whitney, 2001 ). In our analysis, all the significant correlations ( p , 0.05) are still significant after adjusting for the method effects. Thus, both Harman's test and the Marker variable test indicate no significant presence of CMB.
Time invariance of data
The data were collected in two major waves with approximately a seven-month gap between the two waves. During the first wave, data were collected in six countries (Sweden, USA, Japan, Finland, South Korea, and Germany), and the second wave involved data collection in three countries (Austria, Italy, and Spain). To examine if data collected in the two waves were consistent, we conducted multi-group analysis in AMOS 17 that involves a measurement invariance test and a path invariance test. The measurement Mass customization capability invariance test examines if the measurement weights are equivalent between the early wave sample and the late wave sample. The path invariance test checks whether structural paths are similar between the two data samples. An insignificant ? 2 difference between a constrained model (i.e. model parameters are assumed to be equivalent between the early wave and the late wave models) and unconstrained model (i.e. model parameters are not assumed to be equivalent between the two models) suggests invariance between the two models. The results indicate no significant ? 2 differences between the constrained model and the unconstrained one. Thus, the difference in the timing of data collection for the two waves of data does not seem to have a significant effect on data quality.
Analysis of validity and reliability
Confirmatory factor analysis (CFA) was applied to examine the validity and reliability of the measurement items. We used Mplus V5.21 for data analysis because it is capable of providing accurate parameter estimates when there are both categorical and continuous indicators in the model (Muthén and Muthén, 1998-2010) . A good data-to-model fit is indicative of measurement validity and reliability. Various fit indices are available for assessing the model fit of a SEM model. Because every fit index has its limitations, it is recommended that researchers examine multiple fit indices in assessing a SEM model (Shah and Goldstein, 2006) . In this study, we assessed model fit using several fit statistics, including root mean squared error of approximation (RMSEA), x 2 (Chi-square), x 2 /degree of freedom (Normed x 2 ), comparative fit index (CFI), and IFI (incremental fit index) (Bollen and Long, 1993; Hair et al., 1998; Maruyama, 1998; Byrne, 2001) . As shown in Table VI , fit statistics of the measurement model indicate that it captures the factor structure of the data reasonably well (x 2 /DF ¼ 1.15, RMSEA ¼ 0.029, CFI ¼ 0.98, and IFI ¼ 0.98).
We evaluated construct validity with respect to convergent validity and discriminant validity. Anderson and Gerbing (1988) note that evidence of convergent validity for firstorder models exists if all manifest variables load significantly on their respective latent variables. We observe very few items cross loading as almost all items have their greatest loading on the factor they are supposed to load on, with the lone exception of one item (the item "Supporting collaborative product design/improvement with suppliers" in supplier collaboration IT). The standardized factor loadings are all greater than 0.50 and significant at the 0.01 level with the exception of the above-mentioned item, which has a standard factor loading of 0.45 (Kline, 1994 Bollen (1989) ; c Satorra-Bentler scaled x 2 that is robust to non-normality; it is the maximum-likelihood x 2 value for the model divided by the scaling correction factor (Muthén and Muthén, 1998-2010) low loading and a cross-loading issue, its content appears to be consistent with the definition of the underlying construct. Thus, we retained the item in the construct measure. We also computed average variance extracted (AVE) for each scale. Two scales have an AVE value that is only slightly below the recommended threshold of 0.50: 0.49 for supplier collaboration IT and 0.48 for MC capability. To check discriminant validity, we performed pair-wise ? 2 difference tests (Bagozzi et al., 1991) . The x 2 difference test was significant at the 0.01 level for each pair of constructs, indicating sufficient discriminant validity.
We assessed the reliability of each construct by computing its composite reliability (Fornell and Larcker, 1981) . Composite reliability is an aggregate measure of the degree of intercorrelation or internal consistency among measurement items of the same construct. A reliability value greater than 0.70 is recommended (Nunnally, 1978) . The composite reliability is greater than the recommended threshold of 0.70 for each construct except for the "NPD IT" construct, which has a composite reliability score of 0.62. We also computed Cronbach's a for each construct. Each construct has an a value greater than 0.70 with NPD IT as the only exception, which has an a value of 0.65, only slightly below the commonly recommended threshold of 0.70. Overall, the validity and reliability of the construct measures are acceptable. The NPD IT construct exhibits slightly lower scores than the recommended thresholds for composite reliability and Cronbach's Alpha. We decided to retain the NPD IT construct measures because the content of the items appears valid, as indicated by several prior studies (Powell and Dent-Micallef, 1997; Banker et al., 2006) .
Structural model
We used SEM to examine the hypothesized relationships among IT, modular product design, and MC capability using Mplus V5.21. We fit the data to the proposed theoretical model. Relevant fit indices were examined to assess overall model fit. The signs and significance of the path coefficients were examined for evidence supporting each hypothesis.
As product types and organizational size may impact a manufacturer's MC capability, we included industry and plant size (total number of employees) as control variables in the structural model. However, the results indicated that neither of these variables was significantly related with MC capability. Their presence also did not significantly affect other path coefficients. To improve model parsimony, the final SEM models reported do not include these two variables. Table VI reports fit indices of the structural model as well as their suggested thresholds. In summary, the structural model has satisfactory model fit. RMSEA is 0.065, and x 2 /DF is well below 2 (1.73). CFI and IFI are both 0.96, which are above the suggested cutoff of 0.90. Thus, the structural model exhibits acceptable data to model fit.
Next, path coefficients of the structural model were examined for evidence supporting the hypothesized relationships. Figure 2 presents path coefficients in the structural model. H1 posits that product configurator IT has a positive effect on MC capability. We did not find support for this hypothesis. The standardized path coefficient from product configurator IT to MC capability is insignificant (g ¼ 0.01, p . 0.10), indicating no association between product configurator IT and MC capability in our sample. H2 states that modular product design positively relates to MC capability. This hypothesis is supported, as the path from modular product design to MC capability Mass customization capability is positive and highly significant (g ¼ 0.40, p , 0.001), suggesting that modular product design supports MC capability. H3 predicts that NPD IT is positively associated with modular product design. We found support for this hypothesis. The standardized path coefficient from NPD IT to modular product design is positive and significant (g ¼ 0.20, p , 0.05). H4 predicts that modular product design stimulates the use of configurator IT. We observed strong support for this hypothesis (g ¼ 0.37, p , 0.01), suggesting that modular product design greatly facilitates the use of configurator IT. H5 relates manufacturing IT to MC capability. The path leading from manufacturing IT to MC capability has a coefficient of 0.05 and a p-value above 0.10, providing no support for H5. Finally, H6 predicts that supplier collaboration IT positively affects MC capability. This hypothesis is supported as the path from supplier collaboration IT to MC capability is both positive and significant (g ¼ 0.19, p , 0.05).
Discussion and conclusions
Implications for researchers Many authors have proposed that IT plays a key role in developing MC capability. However, the literature lacks a theoretical foundation for such a relationship, which consequently prevents researchers from systematically examining IT's impact on MC.
Our study provides such a theoretical foundation -organizational information processing theory. Task complexities are enhanced in the MC environment, which increases the uncertainty and amount of information to be processed in the task execution process. This consequently increases a firm's information processing needs, and requires enhanced information processing capabilities in order for the firm to operate effectively and efficiently. Various types of IT help a firm to process information fast, accurately, and inexpensively. Therefore, IT applications can increase a firm's information processing capabilities that are required to carry out MC. As a result, IT applications facilitate a firm's MC capability. Future research can also benefit from this theory in investigating the role of IT applications in a MC system. Our literature review also shows that few researchers have attempted to examine empirically the impact of IT on MC capability employing large survey datasets. To the best of our knowledge, this study is among the first to examine the distinct effects of multiple classes of IT applications on MC at the manufacturing plant level. The current study delineates the link between IT and MC capabilities at a fine-grained level by demonstrating the effect of four different classes of IT on MC capabilities or modular product design. Our study goes beyond prior related studies which use aggregate IT measures that do not differentiate between various areas of IT applications. Our study presents empirical evidence that is largely consistent with existing conceptual and theoretical literature. We observed that two of the four IT types (e.g. NPD IT and supplier collaboration IT) adopted by the sample manufacturing plants are related to MC capability either directly or indirectly through modular product design. However, the effect of manufacturing IT on MC capability is found insignificant. We also observed that modular product design relates positively to configurator IT usage. Our study reinforces the findings in prior literature that using IT for product design and manufacturing enhances a firm's MC capability (Duray et al., 2000; Yassine et al., 2004) . Furthermore, our study provides some of the first empirical evidence linking product configurator IT to modular product design and MC capability. While descriptive evidence in the popular press highlights the role of modular product design in facilitating customer co-design of products via web-based configurator tools, academic researchers have barely tested the idea empirically, and therefore it is unclear to what extent the above link holds in practice. The highly significant path coefficient from modular product design to product configurator IT demonstrates that the extent to which firms use configurator IT depends strongly on modular product architecture. This finding resonates with claims in the literature that point to modular product design as a key driver of MC.
We did not detect evidence that configurator IT directly supports MC capability from our study sample. Because configurator IT allows a customer to define product specifications via web-based software tools, the benefit of using configurator IT from the customer's perspective is more of enhanced customer service and improved customer satisfaction, as suggested by industry reports (www.configureone.com). Although configurator IT should conceptually facilitate MC capability through functionalities such as dynamically generating bills of material, the effect of configurator IT on MC capability is not evident in our sample. One possible explanation is that configurator IT is closely integrated to manufacturing systems (e.g., material requirement planning, capacity planning, and inventory management). Thus, the effect of configurator IT on MC capability may be overridden by IT applications supporting shop floor processes and manufacturing planning.
Without modular product design, it would be difficult to deploy configurator IT that allows customers to choose desired product modules and features. This suggests that modular product design should be a prerequisite or enabler for deploying configurator IT. Thus, we tested the direct effect of configurator IT on MC capability. The inconclusive finding in terms of configurator IT's impact on MC capability presents an important question for future research to answer: how should empirical researchers model the role of configurator IT in MC? Perhaps future studies could use customer satisfaction rather than manufacturing-oriented MC capability as the dependent variable in order to capture better the benefits of product configurator IT.
Manufacturing IT is found to have an insignificant effect on MC capability. Some of the manufacturing IT applications -capacity planning, inventory management, and shop floor automation -were among the earliest waves of IT applications adopted by manufacturing industries. In contrast, the broad adoption of supply chain -or product design-oriented IT applications by manufacturing industries is a more recent phenomenon. It is likely that many manufacturing plants have moved down Mass customization capability the learning curve of using manufacturing IT applications to enhance MC capability over time, resulting in less variation in the observed effect of manufacturing IT on MC capability via our cross-sectional sample of manufacturing plants.
Implications for practitioners
Findings from this study provide useful insights for operations managers. For many manufacturing firms, building IT competences that support MC is an ongoing process. Thus, it is useful for managers to understand the effect of specific IT applications on MC practices and capabilities in order to guide IT investment decisions. Our study disentangles the specific impacts of several IT types on MC capability. The findings of the study can be used to help managers identify specific IT applications to enhance MC capability. For instance, according to our results, one way to enhance MC capabilities is to invest in supply chain systems oriented toward supply chain integration and collaborative product and process development. Firms can also deploy NPD IT tools to facilitate modular product design, a major driver of MC. These findings related to IT in use within actual manufacturers appear to resonate with findings of prior academic literature. Several related studies have analyzed the joint problem of configuring mass customized products and designing related supply chains (Huang et al., 2005; Zhang et al., 2008) . These studies suggest that product platform strategies and modularity of product designs tend to benefit the supply chain, while flexible supply chain capabilities also tend to impact decisions regarding product modularity. As such, our findings on the use of IT for MC may reflect the fact that managers are focusing on how to jointly optimize the design of custom products and design of their supply chains. Our findings suggest that the extent to which IT is used for NPD and supplier collaboration is related with better MC capability.
These findings may be especially useful for managers in developed economies, in which the study sample was drawn. While developing countries often can build new greenfield operations, managers in developed countries can be saddled with existing manufacturing processes and legacy plant IT systems. Further, with the loss of a great deal of mass production to emerging economies, managers in developed countries are forced to transition their existing factories to produce ever larger proportions of custom product. Our findings suggest that simply purchasing more IT for the plant floor may not be sufficient to respond to the challenges of reengineering around MC, as manufacturers with more manufacturing IT did not exhibit superior MC capability. Rather, our findings suggest that managers should focus on IT that can help them to ascertain the voice of customers during the design of custom product modules. The findings also highlight the importance of building a responsive MC partnership with suppliers. Together, the findings suggest that a focus on inter-firm IT that supports communication with customers and suppliers will tend to nurture strong MC capabilities. For mass customizers in mature industries in the developed countries, integrating these supplementary forms of IT may be easier given mature communication infrastructure, knowledge-oriented worker competences, and proximity to sources of demand for custom products in the developed economies.
Limitations and future research directions
As an empirical study, this study exhibits potential limitations leading to areas for future research. First, we observed no strong relationship between configurator IT IJOPM 31,10 and MC capability. As such, this hypothesis remains an open issue to explore in future studies. This outcome may be due to the nature of the metric measuring configurator IT, which does not separate the internal-oriented and the customer-oriented functionalities of configurator IT. The second limitation of the current research is the cross-sectional nature of the data. A cross-sectional approach helps establish associative relationships between IT applications and MC capability but cannot establish causal relations between them. The causal relationship can only be inferred based on significant statistical correlations and relevant theory. Future studies should use longitudinal data to establish potential cause-and-effect relationships. Also, the IT items are binary variables that only capture whether an IT application is used or not used. Thus, future research could develop IT measures that capture the extent of IT usage. A cluster analysis could shed light on what type of companies are using what type of MC in conjunction with types of IT. Lastly, some other variables have been found potentially to influence a firm's IT usage, such as products manufactured, size, profitability, and innovativeness of the owner (Thong, 1999; Lee and Xia, 2006) . Our model does not include these variables. Future studies could control for these variables whenever possible.
Despite such limitations, this study is one of the first to synthesize and analyze empirically the scattered discussions contained in current conceptual and theoretical literature regarding the impact of IT on MC. While conceptual guidance on MC has been developing since the early 1990s, very little empirical research has attempted to disentangle the early prognostications from the reality of modern MC. From a research perspective, our study indicates how various types of IT are related to modular product design or MC capability. From a managerial perspective, our dataset represents the actual use of real IT applications in manufacturing plants, rather than abstract perceptual constructs measuring the respondent's perception about the state of IT applications. Thus, the findings are actionable for managers, as they relate directly to common IT applications that managers must control in their plants on a daily basis. We believe our findings provide a useful foundation for subsequent empirical studies, and hope this paper serves to interest other researchers to examine related constructs and theories in the domain of MC. We can easily add significant product variety without increasing cost 0.56
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